The aim of the study was to evaluate the ruminal function and microbial community of lamb under different nutrient levels. Sixty-four lambs with similarity body weight were randomly assigned to four groups after weaning off ewe's milk on the 17th day (6.2 ± 0.2 kg). The lambs of the control group (CON) were fed a basal diet, and the other three groups were subjected to a diet of decreased protein (PR), digestible energy (ER) or both of them at 20% (BR) of basal diet. The decrease of dietary protein or energy level decreased the average daily gain, ruminal weight and mucosal thickness of lambs (P < 0.05). The total volatile fatty acid (TVFA), acetate and propionate concentration of the CON group were significantly higher than that of the other three groups. The dietary protein and energy level affected the microbial diversity, and low energy level increased the relative abundance of phyla of Fibrobacteres, whereas at the genus level, increased the relative abundance of Butyrivibrio and Prevotellaceae. Under different dietary energy and protein levels, 14 genera exhibited significant correlation with ruminal fermentation. These findings supplied new perspective for the understanding of the dietary effect on ruminal microbial community interactions and are of great significance for establishing the optimal nutrient supply strategy for lambs.
The rumen is a complex ecosystem that harbors a functional microbial population including bacteria, protozoa, archaea and fungi, which are important for the host's nutrient uptake and energy metabolism 1 . The interaction between microorganisms and the host results in a symbiotic relationship that allows ruminants to digest diets rich in fiber 2 . Within this microbiome, bacteria are the dominant domain and make the greatest contribution to digestion and conversion of feed components to microbial proteins and volatile fatty acids (VFA), such as acetate, propionate, and butyrate during ruminal fermentation.
The microbiome is established as the development of rumen, and it is a widely held view in ruminant nutrition that rumen microbial populations highly adapt to different diets 3, 4 . Studies in deer 5, 6 , cows 7, 8 , and lamb 9 showed that interplay patterns between rumen bacterial community composition and metabolic phenotypes were altered by diets, and a large number of work have been performed to investigate how different dietary compositions and feeding programs can improve the ability of ruminal microbiota to degrade forages and feedstuffs for better animal performance and reduce the need for supplements. However, characteristic of ruminal fermentation and microbial community in response to different dietary nutritional levels are poorly understood in lamb.
In this study, we hypothesized that dietary with same ingredients but different nutritional levels could influence the development and function of rumen and microbial diversity of lamb. The aim of this research was to investigate the growth performance, ruminal fermentation and characterize the microbial composition and diversity of weaned lambs in response to dietary energy and protein levels based on high-throughput next generation sequencing. A better understanding of the correlation of nutritional level and ruminal development could provide the basis for the targeted improvement of nutrient levels in ruminants.
The relative abundance and diversity of bacterial communities. All sequences were classified from phylum to species based on the SILVA taxonomic database. Fifteen different phyla were detected in these samples. The four groups showed dissimilar taxonomic compositions at the phylum-level distributions and the major sequences obtained from the samples belonged to Firmicutes, Bacteroidetes, and Proteobacteria (Fig. 2 , Table 3 ). The relative abundance of these predominant phyla varied considerably among the four groups. Compared with the CON and PR group, the phylum Bacteroidetes and Fibrobacteres were abundant in the samples taken from the ER and BR groups while the phylum Fibrobacteres of BR group was significantly higher than that of the other three groups (P < 0.05). The abundance of phylum Firmicutes and Proteobacteria showed no significant difference among the four groups while the abundance of phylum Proteobacteria showed an increased tendency (P = 0.0973). The other 9 phyla were relatively minor (<1% of total sequences) in abundance in comparison. At the genus level, 103 genera were detected in the samples. The most abundant genera (with a relative abundance ≥2% of the four libraries) were used to determine which bacteria might be the most important ( Fig. 3 , Table 4 ). The most abundant taxa of the CON group included Prevotella, Selenomonas, Succiniclasticum, as well as the unclassified taxa derived from Succinivibrionaceae (family) and Veillonellaceae (family). In the PR group, the Succinivibrionaceae_uncultured was predominant with an abundance of 59.62%, followed by Prevotella, Veillonellaceae_uncultured, Selenomonas, Succiniclasticum and Succinivibrio. In the ER group, the most dominant genera were Prevotella, Succinivibrionaceae_uncultured, Succiniclasticum, Veillonellaceae_uncultured, Prevotellaceae_uncultured and Butyrivibrio, which together accounted for 69.89% of the total sequences. The abundance of genus Butyrivibrio was abundant in the samples taken from the ER group when compared with the CON and PR groups. The samples of both protein and digestible energy reduced group showed that most of the dominant taxa were Succinivibrionaceae_uncultured, Prevotella, Veillonellaceae_uncultured, Selenomonas, Succinivibrio, and Fibrobacter. We evaluated the correlation between the ruminal fermentation parameters and bacteria at genus level by performing Spearman correlation analysis. Almost 14 genera were exhibited significant correlation with TVFA, acetic, butyrate, propionic, NH 3 -N and pH, respectively ( Fig. 4 ).
Discussion
In this study, we evaluated the growth performance, ruminal development and fermentation, and microbial diversity of weaned lambs under different dietary energy and protein levels. Hossain et al. (2003) and Negesse et al. (2001) reported that energy and protein level of diets influenced the growth performance and N retention of goats, respectively [9] [10] [11] . Results from this study indicated that a lower level of protein, energy, or both protein and energy significantly decreased the average daily gain and feed efficiency. This result was consisted with the fact www.nature.com/scientificreports www.nature.com/scientificreports/ that high protein and energy intake was necessary to meet the demand of rapid growth of lamb. Atti et al. (2004) reported that lambs supplemented with high protein level diet exhibited higher growth rates than those fed diets of low protein level during the first 6 weeks 12 . Previous study indicated that high concentrate level (600 g) of diet improved the ADG and FCR of lambs 13 .
The establishment of rumen function is the symbol of the transition from functioning as a monogastric to a ruminant 14 . Rumen is the dominant place where bacteria contributed to digest and convert plant materials to volatile fatty acids and microbial proteins. The development of rumen is critical for the utilization of solid feed. In this study, low protein and energy diet significantly decreased the rumen weight and mucosal thickness. This finding is in consistent with the fact that young animals may require high protein and energy intakes to ensure the organ development. These observations are consistent with analogous trials on digestive tract development. In ruminants, gastrointestinal tissues are affected by changes in ME intake 14 , protein intake, as well as dietary energy density 15, 16 . Most studies report height and width of ruminal papillae as an estimate of ruminal epithelium growth 17 . Length, uniformity, and general appearance of papillae are greatly influenced by composition and particle size of the diet. Previous studies showed that encouraging solid feed intake by restricting milk access increases the size of the rumen and the morphological structure of rumen papillae 18 20 . In our research, decrease of protein or energy decreased the length and width of papillae, but no obvious difference was observed among the groups. The insufficiently limitation of protein or energy at 20% of basal diet might account for this fact. Previous studies have confirmed the VFA concentration tended to increase with increasing dietary energy level by adding more non-structure carbohydrates (NSC) 21 . Compared to the control group, low energy or protein level decreased the concentration of volatile fatty acid (VFA). These results are consistent with other researches 22 .
Ruminal microorganisms and host have evolved together for millions of years. The primary function of ruminal microbiome is the conversion of fibre into digestible compounds for the utilization of the ruminants. In the present study, 16S rRNA sequencing method was selected to evaluate the diversity of the ruminal bacterial community of lambs under different dietary energy and protein levels. The results of the present study revealed that Bacteroidetes, Firmicutes and Proteobacteria were the dominant phyla among the groups. Our findings were in agreement with previous studies that Bacteroidetes and Firmicutes are numerically the most dominant phyla in the microbiome of terrestrial mammals [23] [24] [25] [26] .
The current research found that the genera Succinivibrionaceae_uncultured, Prevotella, Veillonellaceae_uncultured, Selenomonas, Succiniclasticum, and Butyrivibrio dominated in the four groups. Prevotella has been reported as the most abundant genus in the rumen of adult cows, which is related to ruminal carbohydrate and protein fermentation 27 . This research showed that the proportion of Prevotellaceae_uncultured in the PR group was significantly lower than that in the CON and ER group. Mao et al. (2012) indicated the abundance of Prevotella was highly correlated with the content of CP 7 . Since the content of CP in the alfalfa hay is greater than in the rice straw, this provided a reasonable explanation for the higher abundance of Prevotella observed in the alfalfa samples 28 . In this study, the Butyrivibrio abundance of ER and BR group was higher than the CON and PR group. The Butyrivibrio species which involved in a number of ruminal functions are common in the ruminants, such as deer, cows and sheep 29 . Of particular importance to ruminant digestion, the degradation of structural carbohydrates of plant materials is the most important role of Butyrivibrio. The dietary crude fiber content of ER and BR group was more than twice when compared to the CON and PR group, and the increased fiber level might be the reason for the high abundance of Butyrivibrio.
In conclusion, the results presented here provide new information regarding the effects of different dietary energy and protein levels on growth performance and ruminal development and microbiota communities. Low level of protein or energy retarded the growth performance and ruminal development of lambs. Low dietary energy levels significantly decreased the concentration of volatile fatty acids. Based on 16S rRNA gene sequencing method, this study indicated the changes of the overall composition of the bacterial communities in the rumen ecosystem. The dietary protein and energy level affected the microbial diversity and the low level of energy increased the relative abundance of Fibrobacteres at the phylum level and increased the relative abundance of Butyrivibrio and Prevotellaceae at the genus level, and 14 genera exhibited significant correlation with ruminal fermentation. These findings are of great importance for the targeted improvement of nutrient levels in ruminants. Chemical analyses. The lambs were weighed at 20, 40, and 60 days, and the intake of milk replacer and starter feed was measured daily to calculate the average daily gain (ADG), average daily feed intake (ADFI), and feed conversion ratio (FCR).
The composition and nutrient levels of milk replacer and starters were analyzed according to the official methods of analysis (Association of Official Analytical Chemists: Washington, DC) 30 . The dry matter was determined by drying the samples in an oven at 105 °C for 24 h (method 930.15; AOAC1990). The nitrogen (N) content was determined by the Kjeldahl method and crude protein (CP) was calculated as 6.25 × N (method 984.13; AOAC1990). The ether extract was measured by the weight loss of the dry matter upon extraction with diethyl ether in a Soxhlet extraction apparatus for 8 h (method 920.85; AOAC 1990). The contents of ash (550 °C in a muffle furnace for 6 h, method 942.05; AOAC1990), neutral detergent fiber (NDF; method 962.09; AOAC 1990) and gross energy (GE; Bomb calorimeter, C200; IKA Works Inc., Staufen, Germany) were determined using appropriate protocols. The calcium (Ca) was analysed using an atomic absorption spectrophotometer (M9 W-700; Perkin-Elmer Corp., Norwalk, CT, USA; method 968.08; AOAC1990). The phosphorus (P) was analysed by the molybdovanadatecolourimetric method (method 965.17; AOAC1990) using a spectrophotometer (UV-6100; Mapada Instruments Co., Ltd, Shanghai, China). CON  PR  ER  BR  CON  PR  ER  BR   Ingredients   Corn  ----53  62  25  38   Soybean meal  ----27  14  27  16   Powdered rice  hulls  ----0  0  16  17   Wheat bran  ----6  10  18 Statistical and bioinformatics analysis. As described by Caporaso et al. (2010) , the raw Illumina sequences data were demultiplexed, quality filtered, and analyzed using the Quantitative Insights into Microbial Ecology (QIIME, v.1.8.0) 34 . The assembled sequences were assigned to operational taxonomic units (OTU) at a 97% identity level using UPARSE after quality control 35 . The phylogenetic affiliation of 16S rRNA gene sequence was analyzed against the SILVA (SSU115) 16S rRNA database using Ribosomal Database Project (RDP) Classifier (http://rdp.cme.msu.edu/) with a confidence threshold of 70% 36, 37 . Rarefaction curves, α diversity, and β diversity calculations were also performed using QIIME 38 . Spearman correlation analysis between bacterial and ruminal fermentation parameters was performed using R corrplot 39 . The sequencing data of this research was submitted to the Sequence Read Archive (SRA) with an accession number of SRP145573. Differences in growth performance and ruminal morphology, fermentation parameters, and microbiota diversity among the four groups were analyzed using the SAS (version 9.1, SAS Institute, Inc., Cary, NC, USA; 2004) general linear model (GLM). The following model was fitted to the data: Y i = μ + α i + e i , where Y i is the dependent variable; μ represents the overall mean; α i represents the fixed effect of treatment, and e i is the random residual error due to the replicate. Duncan's Multiple Range Test was used to the statistical differences analysis among the means of the treatments. Treatment differences with P < 0.05 were considered statistically significant while 0.05 ≤ P < 0.10 was defined as a tendency.
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